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This paper details the importance of brightness in relation to laser beams. The ‘brightness’ of lasers is a
term that is generally not given much attention in laser applications or in published literature. With this
said, it is theoretically and practically an important parameter in laser-material processing. This study is
ﬁrst of a kind which emphasizes in-depth, the concept of brightness of lasers by ﬁrstly reviewing the
existing literature and the progress with high brightness laser-material processes. Secondly, the tech-
niques used to enhance the laser beam brightness are also reviewed. In addition, we review the
brightness fundamentals and rationalize why brightness of lasers is an important concept. Moreover, an
update on the analytical technique to determine brightness using the current empirical equations is also
provided. A modiﬁed equation to determine the laser beam brightness is introduced thereafter. Fur-
thermore, research studies previously conducted to modify laser design to affect laser beam brightness
are also discussed. The paper not only involves a review of the techniques used to improve laser beam
brightness but also reviews how bright lasers can be employed to enhance/improve laser process cap-
abilities and cost reduction of the laser assisted processes in manufacturing.
& 2015 Elsevier Ltd. All rights reserved.67
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1321. Introduction
1.1. Background of laser beam brightness
Brightness is a visual perception of light. The brightness of
objects or a light source varies with change in the distance and the
angle at which the object is visualized. Brightness also varies de-
pending on the reﬂection, absorption and transmission of a light
beam in relation to the surface in contact [1]. Thus, it could be
deﬁned as the amount of light in form of ‘luminosity’ observed on
an object per unit of area [2,3]. Luminosity deﬁnes the measure of
brightness, though such a term is rather suitable for only selected
areas in science. As such, each discipline deﬁnes luminosity with
its own term. Brightness is classiﬁed in two ways: one is photo-
metric and the other is radiometric. The former quantiﬁes light in
terms of the judgement made by the human eye in assessing the
brightness of an object, whereas, the latter quantiﬁes brightness in
terms of absolute power [1,4]. The photometric light refers to lu-
minance and its luminosity. On the other hand, the radiometric
light refers to ‘radiance’. Both luminance and radiance, however,
are so-called, cousins and have similarity in the sense that they
ultimately relate to the brightness of a light source. However, lu-
minance refers to contrast, glair and eye sensitivity to a particular
wavelength. Luminance adheres to the principle that brighter the
object – the more power it emits, and the higher the temperature
of light (in relation to a particular distance). Comparably, radiance
refers to a speciﬁc measure irrespective of eye sensitivity and
wavelength of the light source and is dependent on power emitted
per unit area in the solid angle of light divergence.
One of the ﬁrst reported literature in relation to brightness was
on the measurement of brightness and its colour over the sky by
Reesincks in 1946 [5]. Reesincks developed a technique to obtain
measurements of brightness during the summer period of 1946, in
the Netherlands. Later, Zhang et. al. [6] reported on the feasibility
of cloud remote sensing by ground based sky thermal infra-red
brightness temperature measurement [6]. However, brightness in
relation to lasers was a concept developed in the early 1960s [7].
Earlier work referring to a speciﬁed light source such as a laser was
much focused on enhancing and improving the capability of lasers
to produce brighter beams. The ﬁrst time brightness was reported
in relation to a laser beam was by Rampel in 1963, and showed
that the obtainable power per unit area that could be produced for
a diffraction limited beam is proportional to the brightness of a
light source. Rampel further reported that such a laser beam is
necessary for applications namely: microcircuit machining, drilling
and cutting since controlled material removal in localized area was
necessary. In the 1970s and 1980s papers were published by sev-
eral authors in relation to increasing the laser beam brightness
[8,10], and the use of high brightness lasers in the military sector
[11]. Thereafter, numerous papers were published with respect to
enhancement of laser beam brightness and modiﬁcation of the
transverse mode [12], changing the cavity design within the op-
tical resonator [16,22], and the beam delivery design [23,25].
However, only handful of publications could be found in relation
to the effects of brightness, thereof on engineering and variety of
general materials [26,35].
Last decade was said to be the decade of short-wavelength
lasers by laser physicists [36]. Short wavelength lasers operate atPlease cite this article as: Shukla P, et al. Understanding laser beam b
Optics and Laser Technology (2015), http://dx.doi.org/10.1016/j.optlasultra-fast pulse rates and are very much in demand in this decade
but more so are the high brightness lasers namely the ﬁbre laser in
particular. The brightness of a laser beam is not frequently men-
tioned in laser processing research and or during general laser
processing of materials in factory shop ﬂoor or a job–shop en-
vironment. Notwithstanding this, various investigators have
shown the importance of these parameters and have demon-
strated that considering brightness as a parameter could be useful,
though, to a limited extent. Having said this, not only experimental
investigations are called for to demonstrate the effect of laser
beam brightness [26,35], but also an up-to-date literature review
focused on various areas relating to brightness of laser beams is
desired, as it has received very little attention over the years, since
the introduction of a laser as a manufacturing tool.
1.2. Signiﬁcance of laser beam brightness
High brightness lasers have been around since over a decade.
Initially, it was the disc lasers, diode, tapered, semiconductor lasers
and short-pulse, short wavelength excimer lasers that were in the
industry, classiﬁed as high brightness sources but they suffered
from lack of beam quality [37,42]. However, ﬁbre lasers have been
commercially introduced since 2005 [43]. They offer the missing
aspects of the previous lasers. These are the superior beam quality
along with many other technical advantages [43]. In recent years, a
development of a solar pumped laser was also reported [44,46].
High brightness laser, however, offers considerable advantages
over the conventional lasers. Those are, namely: superior beam
quality; longer ﬁeld of focus; smaller beam divergence; low cost
per wattage; cleaner/sharper beam foot-print and higher power
density than a low brightness laser. This allows cheaper laser
process to take place, due to the usage of low cost per wattage. The
high power density of a bright laser could also enable one to ob-
tain higher processing speeds during laser material processing.
High brightness ﬁbre lasers could be considerably ﬂexible, offering
three dimensional processing of parts. Moreover, the high
brightness also allows a tighter focus but a less expensive optics
and beam delivery systems.
The reason why brightness is important in laser processing
applications is because the intensity obtained within a focusing
area through a lens is proportional to the brightness of the beam.
High brightness laser processing allows ﬁne spot size of the beam
and creates a longer focusing distance. Hence, ﬂexibility is further
achieved with material processing as more distance is covered
during laser operation. This is particularly offered by the ﬁbre and
the high power diode lasers (HPDL) and also the disc lasers
[37,39].
High brightness laser sources such as a ﬁbre laser or a HPDL
produces high temperature during material interaction [36,47]. A
ﬁbre laser with high brightness in particular offers a longer depth
of ﬁeld (long focal length), small spot sizes, beam quality and a
stable laser beam execution. The brightness of a laser is more ef-
fective in comparison to the laser power intensity or any other
parameters singularly. This is because by achieving high brightness
high processing temperatures would be generated [47]. The use of
high brightness laser for material processing is also advantageous
due to its potential for achieving low cost per wattage output [48].
The ﬁrst reported work on laser beam brightness was in 1963rightness: A review and new prospective in material processing.
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Nomenclature
Br brightness
D density
P power
Pav average power
A surface area of the beam cross-section
λ laser beam wavelength
M2 laser beam parameter product
Mx and My average spacial dimensions of the beam
S surface area
I power per unit area
Ω solid angle of divergence
ΔΩ solid angle of subtended by the radiation
ω0 beam radius
ϴ divergence angle focus direction
d diameter of the beam
F focal length of focusing lens (mm)
ϴ brightness (mrad)
Q beam parameter product
ω and ϴ emission width and full angle for lateral axis
BBP beam parameter product
n number of times diffraction limit
I intensity
Ø focus angle
R radiance
P. Shukla et al. / Optics & Laser Technology ∎ (∎∎∎∎) ∎∎∎–∎∎∎ 3by Rampel [7]. Having said that, brightness in relation to lasers
became a concept in the 1970s. Earlier work in this ﬁeld was
somewhat focused on enhancing and improving the capability of
lasers to produce brighter beams. Rampel showed that the ob-
tainable power per unit area that could be produced for a dif-
fraction limited beam is proportional to the brightness of a light
source. Rampel further reported that such a laser beam is neces-
sary for applications namely: microcircuit machining, drilling and
cutting since controlled material removal in localized area is also
necessary.
The work of Braid et al. [11] evaluated brightness as a unique
parameter for the use of high energy lasers applied in the military
sector. In particular, it was stated that the successful im-
plementation of lasers as a weapon in the military sector would
depend on its brightness. Braid et al. further went on to comment
on the differences between an actual brightness and potential
brightness. The suggested equation for the determination of po-
tential brightness is shown in Eq. (5), and presented in Table 1. The
difference between the actual brightness and the potential
brightness is: at any point of the beam, the brightness could
change due to the difference in beam diameter, the actual
brightness maybe different to the potential brightness, since the
potential brightness calculation does not take into account the
losses [11]. This simply indicates that the actual brightness value of
lasers would be more accurate but on the other hand, it is not
always possible to understand and determine the losses of a laser
system. This is why the potential brightness would be a good
measure. A comparison could then be made with the actual
brightness to reveal the losses.
1.3. Research motivation and rationale
This paper ﬁrst provides a detailed review on the concept of
radiometric brightness – the ‘radiance’. This is particularly in relation
to a unique light source such as a laser beam. Moreover, the review is
also focused on how brightness as a concept is an important para-
meter to largely quantify a laser beam. Further, an update of current
equations used for the determination of brightness was reviewed and
proposed in a modiﬁed equation that provides a full characterization
and optimization of laser beams by using its brightness as an im-
portant aspect. The paper then presents a to-date review of literature
in relation to high brightness lasers to affect material processing and
research studies previously conducted to modify laser system design
to affect the laser beam brightness. This involves an update on the
techniques used to improve the laser beam brightness and also ex-
tends the knowledge on how bright lasers were developed with en-
hanced/improved process capability which could allow cost reduction
and improved efﬁciency with laser assisted processes in manu-
facturing. Lastly, a technique to characterize a laser beam by using thePlease cite this article as: Shukla P, et al. Understanding laser beam b
Optics and Laser Technology (2015), http://dx.doi.org/10.1016/j.optlasradiometric light property-radiance is rather encouraged. On account
of this, one could consequently control the aspects relating to laser
design, material processing energy usage and the associated cost in
wattage. This paper is one-of-a-kind detailing the fundamentals of
laser beam brightness as a concept and its importance in the laser
processing, laser design and beam optimization areas. No such paper
hitherto has shown studies in relation to any of the topics discussed
herein with any depth. Moreover, the work in this paper could di-
rectly beneﬁt larger/wider audience working in the aforementioned
areas.2. Fundamentals of laser beam brightness with respect to
previous work
Brightness is somewhat a comparison of two rays of light
which is generally judged by the human eye. This judgment is
created from a variation in light intensities on the surface of the
retina [1]. The general terminology of brightness of a light beam
was classiﬁed in candles per square meter of light being emitted
on a surface which was otherwise known as ‘luminance’ or ‘ra-
diance’. However, the application of the particular light source
differentiates the use of either luminance or radiance [2,48]. As
previously mentioned luminance is considered to be a photo-
metric brightness and the radiance is the radiometric brightness
[48]. Laser beams are monochromatic, unidirectional and co-
herent, which enable them to be focused in a small surface area,
thus producing a brighter light when compared to other light
sources. This also allows laser beams to exhibit very high power
levels in a narrow spot size [1]. Brightness of lasers follows speciﬁc
laws of optics [2,49]. Those are the following:1.rig
tecBrightness is an unchangable property and is not affected by
focusing or defocusing a laser beam.2. The brightness of lasers is generally not affected by any changes
to the parameters by the end user [20,21,29]. But this is not
true as a change in power, spot size, M2, beam divergence and
or the wavelength will lead to a change in the end brightness of
the laser beam.3. The brightness of a Gaussian beam does not change as it pro-
pagates. This is because the brightness is inversely proportional
to the solid angle of divergence. The solid angle produced by a
laser beam is proportional to the square of the divergence angle
θ. The smaller the divergence the higher the brightness of the
laser. High brightness beams, however, have the most idealised
beam proﬁle and tend to have a high quality factor.
Laser beam parameters, namely; solid angle of divergence,
wavelength, beam parameter product (M2), spot size and laserhtness: A review and new prospective in material processing.
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Fig. 1. A schematic diagram illustrating the parameters that equate to, and affect
the radiance (brightness) of laser beams.
P. Shukla et al. / Optics & Laser Technology ∎ (∎∎∎∎) ∎∎∎–∎∎∎4power are major contributors to the laser beam brightness and are
used to calculate [17,24,32,33,50,51] or to measure the brightness
[31] and associated laser beam parameters [52,53]. However,
practical measurement of the laser beam brightness is much
complicated and involves time consuming set-ups. Thus, theore-
tical approach is more desirable and it could also be an accurate
mean to determine the laser beam brightness.
The brightness in terms of a laser beam is calculated by the
optical power divided by the product of the focused beam mode
area – M2, as well as the solid angle of divergence (Ω) as per the
wavelength derived in Eqs. (1)–(4) [4,24,36,50,54,55]. Fig. 1 shows
a schematic of the aspects of a laser beam that are taken into
consideration when determining the laser beam brightness (Br)
[22].
P
A
Br 1
out=
Ω ( )
where Pout is the laser power over the surface area and AΩ is
the solid angle of divergence. The solid angle of a Gaussian beam is
shown by Eq. (2) [22]:
w 2
2
2
0
2Ω πθ
λ= =
( )
where λ is the wavelength and w0 is the beam radius at the
beam waste. For Gaussian laser beams that are circular, the pro-
pagation ratio is shown by Eq. (3).
M M M 3y
4 2 2
x= · ( )
where M2y and M2x are the parameters of the beam proﬁle.
Finally Eqs. (1)–(3), then result to Eq. (4) which is conventionally
used to determine the brightness of the laser beam [22].
P
M x
Br
44 2
out
λ
= ( )
Eqs. (1)–(4) show the most commonly applied equation to
determine the brightness. However, several authors have em-
ployed various equations as presented in Table 1. This has led to a
substantial amount of confusion as the equations are also not
consistent to one-another. Thus, the work in Sections 3 and 4 of
this paper elucidates the lack of clarity in previous work.
In particular, Eqs. (1)–(4) by Forbes et al. [22] do not take into
account the laser beam spot size and only consider the use of
output laser power. Eq. (5) by Braid et al. [11], does not account for
the beam propagation factor both in Mx and My directions. Eqs.Please cite this article as: Shukla P, et al. Understanding laser beam b
Optics and Laser Technology (2015), http://dx.doi.org/10.1016/j.optlas(9)–(11), and (13)–(23), by several other researchers also do not
take into account the spot size, whilst Eq. (12) considers the spot
size and inherently, the laser power density, though, not the wa-
velength. Speciﬁcally, the full characteristics of a laser beam,
namely: spot diameter and laser power (power density); M2 (Mx
and My) and the directly proportional beam divergence; the wa-
velength of a laser beam were not previously considered in any of
the equations. These characteristics equate to the brightness (ra-
diance density) of the laser beam and are important in laser ma-
terial processing. One can successfully determine the radiance
density by fully considering the complete beam parameters to not
only characterize the beam but also aid with process optimization.3. Relevant terminology in relation to laser beam brightness
Literature in this area is somewhat confusing with respect to
the terminology in relation to laser beam brightness. Luminance is
deﬁned as the direction of light emission which means that the
brightness of an object is dependent on the direction or the angle
from which the light is being visualized [3]. Luminance is also the
intensity of light that is emitted from the surface. The intensity of
light that is directed on a surface is classiﬁed as illuminance and is
the opposite of luminance.
Particularly when working with laser beam brightness, it
should be deﬁned as radiance (power per unit area) in a solid
angle of divergence (measured in steradian). On the other hand,
misconception also occurs with the terminology ‘irradiance’. This
is the power per unit area (radiative ﬂux) acting on a surface. The
units of irradiance are: W/m3, whereas, the referenced units of
radiance in the literature is rather: W mm2 sr1. It has been said
that the use of units by previous workers is not consistent.
Moreover, the aforementioned units only include the laser power
(W), spot diameter (mm) and steradian (sr). However, it is evident
from the previous equations that the wavelength (λ) would in-
ﬂuence the end value of radiance considerably as demonstrated in
our previous study [35].
Thus, we have proposed the following units: Wmm2 sr1 mm2,
as it was better suited, where laser power is (W), spot diameter is
(mm), solid angle of beam divergence is (sr) and the wavelength is
(mm). The use of units in previous literature did not employ the laser
wavelength (mm), thus, the laser wavelength and its units (mm) are
included in our new proposed equation. Overall, radiance can be
deﬁned as the power from the source per area into a certain solid
angle, and comparatively, the irradiance can be deﬁned as the power
onto a surface per area [33].4. Proposal of a modiﬁed equation: the radiance density
equation
Radiance in terms of laser light is not only a useful property, but
is equally an important parameter as it is a means to measure how
bright the laser beam is in radiometric terms. Measuring the
brightness of a light source such as a laser would ﬁrstly help to
characterize such a monochromatic, coherent, and unidirectional
light. Secondly, it would aid to accurately measure the power in-
tensity emitted by the light source by taking into account many
different parameters that equate to radiance. Those parameters are
namely: laser power; spot size (energy density); beam quality
factor M2; beam divergence and the wavelength.
The spot diameter, however, is not taken into consideration in
previous studies and so, it would be essential to incorporate the
spot diameter during the calculation of laser beam brightness. In
order to do this, it is rather suitable to include the power density
which is a combination of power and the spot size for a particularrightness: A review and new prospective in material processing.
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showed that brightness is a function of output power, wavelength,
M2, the beam divergence and the spot diameter. Thus, to include
the spot size, power density can be employed as an additional
feature as derived in Eq. (24) for a ‘top hat’ (ﬂat top) beam of an
Nd:YAG laser used in this study as an example:
⎛
⎝⎜
⎞
⎠⎟dPower Density
127
xOutput Power
W
cm 242 2
=
( )
where d is the laser beam diameter and 127 is for the top hat
uniform beam proﬁle with an equal energy distribution. In case
the beam is Gaussian then the value 127 is replaced by 252. Upon
inclusion of the laser power density for determining radiance
would in turn, give rise to Eq. (25). Eq. (25) adopts the use of
power density rather than the conventionally used Eq. (4) or the
equations presented in Table 1. This in turn, would take into
consideration the full laser beam parameters as mentioned pre-
viously and ultimately becomes the ‘radiance density’ (RD):
M
RD
PD
254 2λ
= ( ) ( )
where ‘radiance (R)’ replaces the conventional terminology of
‘brightness (Br)’, whilst, the ‘radiance density (RD)’ is used to take
into consideration the beam diameter as well as the laser power
(power density (PD)). If laser power is employed then radiance
could be used but in case of full laser beam characterization, the
above equation determining the radiance density (RD) would be
rather suitable and accurate. M4 is the cross-sectional laser-beam
proﬁle in the x and y directions (M2y andM2x). The beam proﬁleM2
is the laser beam propagation factor, inversely proportional to
beam divergence. Hence, the beam divergence would be relative to
the M2 value. The laser beam wavelength (λ) and the power den-
sity (PD) would account for the spot size and the input power of
the laser beam. This equation is therefore, proposed for future
studies, as it has more valid relationship using the correct termi-
nology for radiance, since the power density is now included.
Thus, all the parameters associated with calculating the radiance
are now considered in our work. This will prove to be a complete
method to characterize a laser beam of any kind as demonstrated.107
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1325. Previous endeavour in modiﬁcation of laser beam
brightness
5.1. Change in laser beam mode and the propagation factor
Brightness or Radiance of lasers could be modiﬁed by various
means. In particular, the parameters associated with the equations
previously presented could be altered such that a slight mod-
iﬁcation could result to a considerable change of energy/at the
nozzle and onto the surface of the work-piece. Speciﬁcally, it was
the beam mode, quality, and beam divergence which were docu-
mented to improve the laser-beam brightness [69]. In addition,
modiﬁcation of the device design such as ﬂared ampliﬁers, curved-
and angled-grating cavities, and optical beam correction also as-
sists in improving the performance of lasers through enhancing
the brightness.
Hanna [7,8] investigated the possibility of increasing brightness
by changing the transverse mode. The ﬁrst paper published by
Hanna introduced brightness as a useful parameter, since it was
reported that it is rather the brightness in comparison to the total
emitted power that is required for materials processing. However,
Hanna focused on the use of the transverse mode to alter the laser
beam brightness by placing a plano-concave resonator adjacent to
the plane mirror. This reduced the diffraction loss so that a TEM10rightness: A review and new prospective in material processing.
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P. Shukla et al. / Optics & Laser Technology ∎ (∎∎∎∎) ∎∎∎–∎∎∎8mode beam has the same diffraction loss as that of a TEM00 beam.
This meant that a reduction in the divergence angle and M2 value,
thereby, generated a higher laser beam brightness. This type of
conﬁguration produced a small size mode so average quality
beams could be improved. Hanna concluded that this type of
technique is yet questionable due to the lack of repeatability.
Based on these studies it has shown that the laser beam mode is
an important factor in altering the laser brightness. Changing the
beam mode alters the beam quality and this also affects the beam
divergence. The improvement of beam mode leads to a better M2
value and a smaller beam divergence angle. This characteristically
enhances the laser brightness in the end. Changes in the M2 value
is another way to enhance the brightness, but the beam quality,
transmissive electro-magnetic (TEM) mode, as well as a highly-
diffused cross-axis beam delivery cavity (HiDiCAB) could be used
to enhance the brightness of a Nd:YAG laser as demonstrated by
Hirano [70] and Abdolvand et al. [71]. Yanson et al. [72], demon-
strated an increase in brightness of a high power diode laser by
reducing its far-ﬁeld divergence. This improved the beam proﬁle
and led to obtain a superior beam propagation factor. This in turn,
increased the brightness with the use of a epitaxial design to
generate the laser beam. Machavariani et al. [73] employed a mode
converter which radially polarized a beam to improve the beam
quality from M2¼2.5 to M2¼1.3. This gave rise to the output
brightness of the laser by a factor of 2.5 [73].
5.2. Modiﬁcation of optical resonator, beam delivery and optics
Varnavsky et al. [10] conducted a similar investigation by using
an unstable resonator design. This comprised of a concave and
convex mirror assembly. This allowed a tighter beam divergence.
Consequently, it created a laser beam close to its diffraction limit
with a mode of TEM00 and to characteristically exhibit a high
brightness laser.
Marshall et al. [16] increased the brightness of a laser by
modifying the diode design. This changed the M2 from one di-
rection and produced a better beam quality. This idea was some-
what close to that of Hanna. However, the approach was by slicing
the diode beam in a grating prism as fabricated by optic extrusion
technique which allowed a low-cost manufacture. Monjardin et al.
[23] also modiﬁed a laser beam quality by using correction optics
and improved the beam pointing accuracy and its quality. This in
turn, allowed an uncorrected beam of (M2¼12.26) to reduce to
M2¼2.33, allowing a tighter focus.
Machavariani et al. [12,13] also enhanced the brightness of a
high power laser by changing the beam mode from a lower order
LG(0,1)* beam to a near enough Gaussian beam with a M2 of 1.034
from a previously known theoretical value of M2¼2, at laser
power of 30 W. Machavariani adopted two techniques to achieve
the same results. The ﬁrst technique was to radially polarize the
mode into disintegrated modes with orthogonal polarization. Then
one of the modes were rotated whilst both disintegrated modes
were ﬂattened. Thereafter, the modes were combined coherently
on a non-polarizing beam splitter to almost achieve a doughnut-
shaped beam. The features of the doughtnut shaped beam com-
prised of a bright central peak and a ring as its end proﬁle. In
Machavariani et al.’s second mode modiﬁcation technique, the
radially polarized mode was polarized to disintegrated, ﬂattened
modes and were then combined incoherently on a polarizing
beam splitter. This in turn, resulted in a bright central peak mode
comprising of four side lobes at its end proﬁle with at least 20%
power [15,16]. The beam quality factor as a result of the mode
change was improved from M2¼2.52 to M2¼1.3 at a laser power
of 30 W. Thus, the brightness was enhanced by a factor of 2.5.
Brown et al. [26] introduced a technique for obtaining a linearly
polarized transverse electric ﬁeld output which when combinedPlease cite this article as: Shukla P, et al. Understanding laser beam b
Optics and Laser Technology (2015), http://dx.doi.org/10.1016/j.optlaswith a diode-bar pumped planar waveguide offers a route to a
high-power polarized planar waveguide laser. This consequently
improved the M2 and the brightness of the laser.
A new ﬁbre coupled diode laser was designed with a high
brightness and was said to be cost effective to manufacture and
was costing less than $20/watts. An output power 500 W was
directed through a 200 mm ﬁbre diameter at 976 nm wavelength.
This was done by a specially tailored laser bar (T-bar) with special
collimator lenses. This coupled the beam into a 200 mm ﬁbre dia-
meter. Multi-application of T-bar at identical wavelength resulted
in emitting high power level of up to 1 kW [27].
Zhao et al. [14], developed a new technique to transform a high
order beam mode (LP11) into a near Gaussian proﬁle with an en-
hanced laser beam propagation factor. Different lobes were
modulated in Zhao et al.’s work to increase the laser power by a
factor of 1.5 in the far ﬁeld range. This showed tighter beam di-
vergence angle, increased beam propagation factor leading to
enhanced brightness value. Moreover, Shalaby et al. [15] also de-
veloped a new method to control the beam mode. This would emit
a uniform and a bright laser beam. A particular ring cavity was
constructed with an ammolifying multicore (19-core, Yb-laser) to
generate a diffraction limited beam output. This accordingly, re-
sulted to an improved laser beam brightness by enhancing the M2
to 1.21.
Forbes et al. [22], modelled the brightness from a cross porro-
prism resonators and showed that the brightness is signiﬁcantly
inﬂuenced by the angle between the two prism edges. At higher
prism angles the brightness was increased as fewer petals of the
beam foot-prints were to be seen, with decreasing angles and
increasing the number of petals of the beam foot-print showed
decreasing the prism angles, and inherently a reduction in the
brightness.
Li et al. [17] worked on the reliability and efﬁciency of high
brightness lasers by using the 940 nm wavelength to show the
maximum power conversion efﬁciency of 60% at an output power
of 72 Wwith a very good beam quality. Treusch et al. [18] applied a
high-brightness semiconductor laser and found that collimation
lenses can be used to increase the brightness of the laser by a
factor of two. In addition, the wavelength and polarization cou-
pling also contributed in increasing the end brightness. Leibreich
and Treusch [19] conducted a similar investigation on improving
the brightness of a semiconductor diode laser using laser beams of
various wavelengths to increase the output power and the
brightness. The results showed that laser-beam brightness can be
doubled without any changes to the M2 value, unlike other pub-
lished literature. This in general could be a new prospective within
the laser materials processing industry. However, altering the
brightness involves careful measurement of the laser beam and is
considerably difﬁcult to measure for an industrial laser as it re-
quires complex set-up and a time consuming procedure.
High brightness lasers sources such as disc, ﬁbre, and diode
lasers are conventionally popular but diode lasers generally lack
the power and the beam quality to exhibit high power density
[74]. Having said that, micro-optics have been developed in recent
years to improve the output of the high power diode laser (HPDL),
because the beam executed by such a laser source was in multiple
rays and does not point in the same direction. This makes the laser
somewhat deﬁcient and decreases the employability for the high
demanding application laser such as a HPDL. It was cited that not
just the HPDL but other laser source also could beneﬁt from an
increased brightness so that efﬁciency could be improved in areas
where there is an extensive use of lasers. In order to do this,
custom made lenses (micro-optics) were designed to enhance
brightness of laser beams as reported by McBride [23]. The micro-
optics were as such that they provide a correction to deﬁciency of
each laser source at individual level. Results showed, enhancedrightness: A review and new prospective in material processing.
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Fig. 2. A schematics of wavelength beam-combining laser diode arrays to enhance
brightness [23].
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viously developed lasers that were only 15% efﬁcient [23].
Multiple laser beam combining technique has also been re-
ported to have inﬂuenced the brightness of laser beams [75]. The
results showed that six-mirror cavity lasers could generate a
brightness value of 12.66 mJ/m2 St in comparison to less cavities
present within the system. Brightness was also cited to have in-
creased by combining wavelength laser beam diodes [20]. Using
micro-lense arrays, 6 diode laser arrays were passed through a
lens at a certain focusing length onto a diffraction grating. This
directed the beam into an output coupler and onto the processing
material as shown in Fig. 2 [23]. In this wavelength, beam com-
bining of diode (WBC) lasers generated arrays of small light rays
that were focused to a much intense and brighter beam that in
other cases required high power laser systems which consequently
were also not so cost effective. This type of design was conﬁgured
using a diode laser which was claimed to be the ﬁrst in cutting and
welding of metallic materials of thickness 0.26 in. and led to a
reduction in cost, increase in efﬁciency in comparison with diode
pumped, ﬁbre and solid state lasers.
Another investigation involved the use of HPDL operating in
both the near- and mid-infra-red regions. The laser resonator de-
sign was modiﬁed comprising of certain stripe that had an etched
semiconductor layer [22]. This would also limit the electrical
current injection into the diode laser. The diode laser stripe has
variation in width in the lateral direction which in turn controls
the output power. This in other words means that broad area
(150 mm) given for the laser beam allowed more waste to exhibit
at the output end and allowed 3 increase in brightness
(100 MW/cm3) to be generated in particular with the near infra-
red (NIR) wavelength. However, broad cavity concept used for the
NIR wavelength (800–1000 nm) is not very practical with the mid-
infra-red (MID) wavelength lasers and therefore, Kelemen et al.
[58] proposed an alternative resonator design which involved the
use of a tapered laser resonator. This was reported to avoid the
limitations of the previous design suited for the NIR wavelength
lasers. This type of design also allows increase in brightness for
lasers with wavelength ranging from 1800 to 2500 nm.
Wang [76] developed a laser beam shaping technique which
enhanced the brightness of a diode laser up to 2.4 MW/cm2 sr. The
technique was such that the laser diode array was re-shaped using
groups of prisms which created a beam with a so called ‘smiling’
foot-prints. This upon directing through an optical ﬁbre of 0.6 mm
diameter gave an ultimate brightness value of 8104 W/cm2 sr.
Bergmann et al. [77] reported that using lasers with efﬁciency
up to 45%, the beam parameter product still has to be high, as well
as the focusing ability of the system. Both combined leads to a high
brightness beam which is important for applications such as laser
spot welding [77]. A beam combining technique was used to im-
prove the brightness of a ﬁbre laser by Sprangle [78]. This used an
array of three ﬁbres focused at a 45° mirror which was then fo-
cused at the target. It improved the efﬁciency, and produced a
compact, robust, low maintenance, high energy and long lastingPlease cite this article as: Shukla P, et al. Understanding laser beam b
Optics and Laser Technology (2015), http://dx.doi.org/10.1016/j.optlaslaser system. Results showed propagation efﬁciency of 90% at a
range of 1.2 km, at 3 kW laser power in moderate turbulence
within the atmosphere [78]. Ishizuka et al. [79] stated that the
brightness of ﬁeld-emission tips (electron microbeams) could be
substantially improved by using a magnetic ﬁeld instead of the
electrostatic lens to suppress the divergence of such microbeams
which inherently enhanced the actual brightness. This concept
could be adopted to lasers in general, whereby the wavelength as
such can be extended to function in the X-ray wavelength regions
at considerable energy densities.
Almeida and Liang [44,45] designed a high brightness solar
pumped laser in which a maximum brightness of 9101 W was
obtained at a beam mode of TEM00. A 30% increase in brightness
was reported. This was achieved by the adoption of compact fused
silica light-guide assembly and the use of a core-doped ceramic
rod with a 5 Mm diameter and Sm:YAG cladding that proved to be
a brightness enhancer for a solar-pumped laser.
Ronen et al. [80] designed a new compact slab laser conﬁguration
comprising of a passive combining of several laser channels. In this
conﬁguration, the beam is polarized and transferred on to an ad-
jacent channel by using a polarizing beam-displacer which aids in
obtaining a combined output of higher brightness [80]. Enhance-
ment in brightness of electron beams was also reported by few other
authors, namely: Bluem et al. [81] and Zolotrev et al. [82]. Bluem
et al. developed a high brightness electron gun which could be
utilized for a variety of applications such as superconducting CW RF
and a DC/SRF gunwhich prove to be good sources for light injectors.
Zolotrev et al. also mentioned that such high brightness devices are
useful for electron microscopy, inverse photo-emission, low energy
electron scattering and electron holography.6. State-of-the-art in high brightness laser-material processing
Several workers in recent time have worked with high brightness
lasers for processing materials [20,21,28–36,48,50,54,56,58]. Wallace
[20] used the high brightness diode laser to produced high efﬁ-
ciencies and lower operating costs. Wenzel et al. [21] used a high
brightness semiconductor laser to show that high reliability and
efﬁciency can be achieved with a low beam quality factor. Brown
and Frye [29] worked with high brightness cutting and drilling
process for aerospace materials with the aid of a Nd:YAG laser. The
results showed improved cutting and achieved shallow angle holes.
Investigation conducted by Del Val et al. [30] showed the ef-
fects of laser cladding of stainless steel plates and co-based super-
alloy (powder coating material) using a Nd:YAG laser and a Yb:
YAG ﬁbre laser. The ﬁndings revealed that ﬁbre laser in compar-
ison to that of the Nd:YAG showed versatile parameter window
and enlarged clad track and deeper penetration, but similar
hardness was obtained from applying both the lasers. Val et al.
then reported that this effect had occurred because of the higher
beam quality as well as the high brightness produced by the ﬁbre
laser. This generally is ideal for creating thinner clad tracks but a
Nd:YAG laser is ideal for producing wider clad tracks. Previous
investigations conducted by the authors of this paper [30,33] on
the the effects of brightness between the Nd:YAG laser and the
ﬁbre laser on engineering ceramics, namely: ZrO2 and Si3N4 and
compared brightness effects on ceramics of two lasers, using
identical process parameters and similar wavelength, but with
different beam brightnesses. Results showed that the ceramics
were more affected by the high brightness ﬁbre laser compared to
a low brightness Nd:YAG lasers, and produced difference in
hardness, track widths and the ceramic microstructure.
Verhaeghe and Hilton [60], investigated the welding perfor-
mance on 5 mm and 10 mm thick S275 type C–Mn steel and 5083-
O type aluminium alloy using several lasers with 1064 nmrightness: A review and new prospective in material processing.
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lasers. The use of brightness as a beam property was also en-
couraged in this paper, and it was reported that the M2, and spot
size increases the laser beam brightness, though, to what extent
was not reported. However, the depth of penetration after con-
ducting the welding trials on both the steel and aluminium
showed that the high brightness ﬁbre laser penetrated deeper into
the material. Verhaeghe and Hilton also mentioned that an opti-
mal brightness between 32 and 38105 W/mm2 steradian (sr)
would be ideal for aluminium and steel [60]. The value obtained
for brightness based on the parameters used for the welding ex-
periments compared to the brightness equations employed in
previous research differed. This indicated that there was no gen-
eric equation employed for determining the brightness, thus, dis-
crepancies in the results of various published literature were
found.
A high brightness ﬁbre laser was reported to have a high efﬁ-
ciency ratio during a laser spot welding process of an aluminium
as reported by Bergmann et al. [77]. This was due to the M2 being
lower. This in turn, resulted to the high brightness ﬁbre laser and
disc lasers to produce the highest wall plug efﬁciency compared to
other lasers. The typical wall plug efﬁciency found for the ﬁbre
laser was 25–30% at a M2 of 2 and the same for the disc laser. This
was the highest in comparison to other laser sources employed.
Having said that, no brightness values were given in relation to the
parameters employed for the laser spot welding process in that
study [77].
One other application where high brightness lasers could be
useful is in laser assisted ignition. Shaw et al. [83] reported that
fast ignition can be achieved with the use of a high brightness KrF
laser system with a low wavelength (268 nm). The paper also re-
ported that femtosecond pulses could obtain a signiﬁcantly high
brightness value and this is rightly so due to the low wavelength of
the KrF laser which could generally exhibit a high brightness va-
lue. An interesting aspect for future study is the relationship of
short and ultra-short pulse lasers with its beam brightness. It can
be predicted from the investigation of Shaw et al. that fast pulses
(400 fs) produced a sufﬁciently high brightness in comparison to
60 ps, but to establish this further, a broader and wider in-
vestigation is required for further understanding.107
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1327. Laser beam brightness as a parameter in materials proces-
sing: outlook and new research prospective
Having undergone a wider, extensive literature review in this
area to-date (2015), we propose that brightness as a parameter of a
laser beam should be given importance in the laser processing
industry. This is because an intensively bright laser beam allows
high power per unit area through the optics, nozzle and conse-
quently at the workpiece. This makes an immense difference to
the material being processed. In any case, not just material pro-
cessing, but ﬁbre and solid state laser pumping; remote sensing;
medical industry (dentistry, ophthalmology); imaging; printing;
military; entertainment industry, and lasers applied in space re-
search may also beneﬁt. A high brightness laser could minimize
the optical complexity, as well as packaging requirements and help
to deliver the photon energy with minimal losses and at higher
efﬁciency.
Furthermore, for measuring the brightness of distant stars and
planets in space research, the general theory is that the more shiny
the object (star/planets), the higher its brightness, temperature,
and the size in relation to the distance from which it is observed.
In addition, the bright object in space also glows at high tem-
perature, which in turn makes it a hot star and the planet
equivalently glows with bigger reﬂection which enables furtherPlease cite this article as: Shukla P, et al. Understanding laser beam b
Optics and Laser Technology (2015), http://dx.doi.org/10.1016/j.optlasunderstanding of a star as well as the planets’ composition using
its brightness [84,86]. Likewise, brightness of lasers could relate to
the same, since the shinier the laser material interaction, the
brighter and hotter the plume glows and therefore, may result to
high temperature and inherently is postulated to exhibit a high
temperature laser material interaction. With precise control of
parameters, the temperatures at the interaction zone could also be
varied resulting in desirable phase changes to the material and low
usage of energy. Brightness of lasers is not visible from a naked eye
particularly if they are in the infra-red region and therefore, the
shine or the glow as previously mentioned is only visible via an
infra-red wavelength measuring device such as a pyrometer or an
infra-red temperature measurement thermometer. It would also
be ideal to understand the brightness temperature of various la-
sers at different wavelengths. For instance, Doubenskaia et al. [36]
conducted an investigation which measured the laser material
interaction zone during a cladding process. This in turn was simply
used to determine the heat map using calibration with a black
body. This was however, for a continuous wave (CW) Nd:YAG laser,
but for future studies, it would be valuable to take into con-
sideration the various lasers, from variety of wavelengths with
beam parameters set constant, and the traverse speed would en-
able one to understand the effects of different brightness lasers
with respect to the processing temperatures which it emits. This
will contribute further to ones understanding of the effects that
brightness has upon the material despite applying identical laser
parameters.
Brightness measurement of a laser is a difﬁcult practice and
requires a complicated procedure. The correct measuring techni-
que for brightness of a laser beam is not strategically documented
anywhere except the use of the referenced equations presented
herein but measurement of beam divergence and the M2 value is
documented in the British standards [52,53]. Measuring the two
enables the calculation of brightness by placing values of beam
divergence, and the M2 value into the equation.
Upon reviewing the available equation for the determination of
laser beam radiance, it was clear that the parameters that can
affect brightness are the laser power; spot diameter and combin-
ing those would be the power density; M2 value and the inversely
proportional solid angle of beam divergence and the laser beam
mode. These parameters of the laser beam to some extent-or-an-
other, all contribute to the modiﬁcation of laser radiance. However,
it is not clear to what extent and therefore, an independent study
is currently being undertaken which is focused on the contribution
of such parameters to demonstrate a deeper understanding of this
topic.8. Conclusions
Firstly, this review paper addresses the correct terminology for
brightness. This is ‘radiance’ for a laser beam. This is so because a
laser beam is a unidirectional, monochromatic and coherent ray of
light and is rather classiﬁed as a radiometric light. This paper re-
viewed existing empirical equations previously employed to de-
termine the brightness (radiance) and presented a modiﬁed
equation that was more applicable to determine the radiance of
lasers. In addition, we have also shown a review of different
techniques adopted by previous investigators to improve the
brightness of laser beams. The laser beam brightness can be en-
hanced by several means such as changing or improving the M2,
and beam mode correction using better optical arrangements to
give sharper beam quality, leading to M2 value being closer to the
diffraction limit. Both consequently provide a smaller solid angle
of divergence, whereby, radiance of the beam is increased.
What is more, to-date literature was reviewed regarding therightness: A review and new prospective in material processing.
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gap in knowledge exists in relation to the laser material interac-
tion with bright lasers, and the individual cost per wattage all need
to be addressed in future studies.
The use of brightness or radiance as a concept in laser pro-
cessing practices is a perfect mean to monitor, characterize and
carry-out laser process optimization and process reﬁnement. This
is because of the inclusion of all related laser beam parameters
within the brightness equation. Therefore, a future investigation
would be focused on the individual contribution of each of these
parameters to effect radiance by demonstrating the relationship of
each parameter with one-another, namely: laser power; spot size
(power density); M2, beam divergence and the wavelength to ef-
fect the end value of radiance. Doing so would enable the im-
provement of laser design, laser operations such as, sheet-metal
cutting; precision mass production marking; large area engraving;
laser welding; deep drilling; laser peening and surface treatment
in general, and many other laser applications in manufacturing/
production environment where lasers are applied.86
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